Ultra-large compressive plasticity at room temperature has recently been observed in electrodeposited nanocrystalline nickel (nc-Ni) under micro-scale compression (Pan, Kuwano, Fujita, Chen, Nano Letters 7, 2108). The evolution of microstructure of nc-Ni during ultra-large deformation is outlined at a variety of strain levels, with TEM observations in combination with a TEM sample preparation technique using focused ion beam (FIB).
Introduction
The FIB instrument has become a significant method for the sample preparation for transmission electron microscopy (TEM). 1) An advantage of the FIB method is that it is feasible to create a thin section at a point of interest using a rapid and precise procedure. The usage of the FIB instrument is not limited for only TEM sample preparation. The capability of the precise surface nanofabrication and the synchronous scanning ion image sensitive to crystallographic orientations 2) and atomic numbers 3) led to development of a dualbeam FIB instrument. 4) Accordingly, the enormous applications of FIB are now widely spread from a nanotechnology perspective.
A compression test is a suitable method to understand the stress-strain behavior of various materials on mechanical property. In particular, the microcompression test is helpful to understand the deformation mechanism of a sample when the dimensions are limited such as films. In previous works, a nanoindentation apparatus can be utilized for a microcompression test for a microsized cylindrical sample fabricated by FIB. 5) Recent studies show a significant sample-size affect on the stress-strain behavior indicating that the microcylinder size influences the underlying deformation mechanism. 6) Therefore, a reliable and rapid procedure for the TEM observation after the microcompression test-using FIB is required. In terms of TEM sample preparation, the FIB technique comprises two major procedures; H-bar method and lift-out method. In the former, trenches are fabricated to create a path for the electron beam for TEM. [7] [8] [9] In the lift-out method, a small sample was extracted from a point of interest of a bulk by a microprobe and the extracted piece was further fabricated to be a thin-wedged sample. [10] [11] [12] [13] In this paper, the lift-out method was applied rather than the H-bar method. A nanocrystalline Ni produced by electrodeposition was chosen as a target in this study because its deformation mechanism under compression remains unclear due to the limited sample size. In order to evaluate the sensitive microstructure of the nanocrystalline Ni, a damage investigation of the FIB technique is essential. Therefore, we have discussed a damaged amorphous layer and contamination induced by FIB.
Experimental Process and Results
High purity nc-Ni specimens with a thickness of $200 mm were synthesized by aqueous electrodeposition using a sulfa solution that contains 460-520 mL/L Ni, 35-50 mL/L boric acid, and 15-20 mL/L NiCl 2 . 6H 2 O. (50 AE 2 C, pH = 3.5-4.5).
14) The result of a chemical analysis performed by atom probe tomography shows that the Ni plate is highly pure and only trace impurity elements such as Fe and S are detected (with concentrations of tens of ppm) uniformly distributed in the grains. XRD measurements of the as-deposited nc-Ni coupon excluded that noticeable textures exist in the nanograins. The grain size distributions of the as-deposited and deformed nc-Ni were characterized by transmission electron microscopy.
A focused ion beam (FIB) apparatus (Hitachi HighTechnologies Corporation FB-2100) was used to fabricate the Ni plate for obtaining a microsized cylinder and a TEM sample from the deformed microcylinder. An FIB column in the instrument supplies Ga ions accelerated at 40 kV and beam currents in the range 0.01 nA to 35 nA. Cylindrical micropillars for microcompression tests were fabricated by a Hitachi FB-2100 focused ion beam system. Subsequent finemilling processes were applied with lower milling currents (e.g. 0.02 nA) and acceleration voltage (e.g. 40 kV) thereafter to carefully eliminate the visible tapering of sidewalls of the sample. A schematic of the fabrication procedure of micropillars are shown in Figure 1 . The FIB column has a W deposition system in its chamber for depositing the W protective layer. In addition, FIB can be used to fix an extracted small fragment on a TEM grid by W deposition.
A nanoindentation apparatus (SHIMADZU DUH-W20S) equipped with a flat-end diamond indentation tip with a diameter of 10 mm was employed to carry out the microcompression tests at room temperature. Prior to each microcompression test, the indentation apparatus was finely tuned by measuring level condition around the cylindrical micropillar to avoid off-axis loading of the sample. The indented depth set the compression strain. Microcylinders were compressed at room temperature with different loading rates ranging from 0.132 mNÁs À1 to 70 mNÁs À1 . The TEM apparatus (JEOL JEM-3010) used at 300 kV provided microstructure observation with an atomic resolution. It is equipped with energy dispersive X-ray spectrometry (EDS) to determine the components. Figure 1 shows a schematic procedure to make a microcylinder and a TEM sample-using FIB for microcompression test. The fabrication procedure basically follows the previous reports. 6, 15, 16) After obtaining a smooth surface morphology of the electrodeposited Ni plate by polishing with a diamond paper of 1 mm roughness, a microcylinder was engraved on the sample by FIB. As a rough milling step for rapid process, a condition of a high beam current of 6:4 AE 0:3 nA and a voltage of 40 kV was applied to obtain a imperfect microcylinder with a diameter of 4 mm (Fig. 1, step 1) . Next, as a fine milling step, a side of the microcylinder was milled with a small ion current of 0:07 AE 0:01 nA and a voltage of 40 kV in order to obtain a perfect cylindrical shape. Then, we could obtain an ideal cylindrical shape with a diameter of 3:7 AE 0:1 mm and a height of 7:8 AE 0:1 mm for the following microcompression test (Fig. 1, step 2) . The aspect ratio of the height to the diameter was set to approximately 2:1.
The indentation apparatus need to be fine-tuned and aligned to compress the microcylinder uniaxially. Before the indentation, we carried out four times test-indentations around the cylinder in order to predict the accurate distance between the cylinder and the indentation tip. Then the long axis of the cylinder was set along the indentation direction. Next, the cylindrical samples were deformed with several different loads and deformation rates by changing the indentation speed and the indentation depth (Fig. 1, step 3) . Figure 2(b) shows an example of a deformed microcylinder. The compressed microcylinder was a drum-like shape without a fracture. Figure 2(c) shows a true stress-strain curve of the microcompresion test. The applied stress was reached to 1.5 GPa at the strain of 0.4.
After the microcompresion test, the microcylinder was again placed back in the FIB chamber to clip the wedge from compressed pillar (Fig. 1, step 4) . First, the deformed micropillar was milled from a tilted angle from the top to +11 using a FIB beam with accelerated voltage of 40 kV. A top view of the milled trace showed a resemblance to the Greek letter ''Å'' (Fig. 3(a) ). Next, the sample was tilted to À11 and a microprobe was attached on the top surface of the micropillar by W deposition. After removing the residual portion, the wedge-shaped TEM specimen was detached from the micropillar by using a microprobe (Fig. 3(b) ). The wedge was subsequently lift out and attached on to a half-cut Cu grid by W deposition, followed by removal of the microprobe tip part from the TEM sample by Ga ion sputtering ( Fig. 3(c) ). The sample was further milled from a tilted angle less than AE8 at 40 kV to attain an electrontransparent section with a thickness of less than 200 nm (Fig. 3(d) ) as the final step of the TEM sample preparation. The nc-Ni wedge was then loaded into the TEM for characterization.
Discussion
Highly accelerated ion beams cause point defects, dislocations and local temperature increment, which may promote grain growth of ultra fine grains. Besides, liquid Ga atoms easily diffuse into the bulk materials. This investigation is important for minimizing Ga contamination during FIB milling on the mechanical response of the micropillar. According to Ref. 17 , Ga ions can interact with other elements and phases to form amorphous layers, solidsaluted alloy and precipitate. And a Ga þ implantation and damage occurring in surface of the micropillar creates a damage layer with a thickness of 10-100 nm. 18, 19) This damage layer may strengthen the specimen by restricting the emission of dislocation from the surface. 20, 21) To evaluate the influence of this layer in the mechanical behavior of nc-Ni, chemical analysis of the longitudinal section of deformed nc-Ni is carried out. Therefore, the effect of Ga must be concerned with Ga contamination and ion damage.
In order to minimize the damaged amorphous layers, moderate-milling conditions such as low voltage, low current, 22, 23) and low incidence angle 24) were proposed. We reduced the acceleration voltage of Ga ions in the FIB from 40 kV to 10 kV for studying its effect. However, the thickness of the damaged amorphous layer did not change significantly. We could observe a high-resolution TEM image under the acceleration voltage of 40 kV accompanied with the incidence angle less than AE8 and current density less than 0.2 nA/mm 2 . Under the experimental condition, the thickness of the amorphous layer was less than 5 nm in our experiment. We could get TEM and EDS observation results of nano crystalline Ni as show on Fig. 4 under these experimental condition.
In EDS experiment, we attempted to detect Ga atoms at the three points on the sample, (A) The right below of microprobe, (B) the surface of cylindrical pole sample, and (C) the edge of the FIB-treated wedge shape. The EDS profile in Fig. 4(d) show the existence of W and Ga at position A, cause of fixing a micro probe with a sample by W deposition and Ga beam. The EDS profile at position B and C did not show notable Ga peaks. From these results, there is no significant Ga contamination in micro pole.
TEM image on Fig. 4(b) is an edge of sample on position C. It is possible to have amorphous layer on the surface and edge by Ga beam during milling process as Fig. 4(c) . In our experiment, we could observe an amorphous layer along a thin edge. Under the experimental condition, the thickness of the amorphous layer was less than 5 mm in our experiment. From this observation, there is no significant influence on the mechanical behavior such as ductility of the nc metal, other than a presumably overestimated strength.
In order to clarify the effect of Ga ions on nanocrystalline Ni, we also prepared undeformed specimens using both FIB and electropolishing technique. Regarding to the electropolishing procedure, the samples were sliced and ground mechanically and finally electropolished in a solution of 10% H 2 SO 4 , 10% CH 3 OH and 80% C 2 H 5 OH. We also prepared an FIB-milled specimen from the undeformed microcylinder. Overall, the electropolished and the FIB-milled specimens were compared by using TEM, respectively (Figs. 5(a) and (b)). The grains were uniformly shaped, and the average size was in the range of 20 to 30 nm in the both cases. Therefore, we can rule out the grain growth due to local temperature increment and ion damage.
Conclusions
We established a standard procedure of the FIB technique to prepare TEM samples for the purpose of microcompression test. The thickness of the damaged layer containing Ga was found to be considerably thin, which was confirmed by TEM. Upon this study, we can certainly access the sizelimited nanostructured materials and reveal the deformation mechanism using a nanoindentation apparatus. 
